We have generated a chromosomal mutant of moeB (moeB A228T ) that demonstrates limited molybdenum cofactor (molybdo-bis(molybdopterin guanine dinucleotide) (Mo-bisMGD)) availability in Escherichia coli and have characterized its effect on the maturation and physiological function of two well-characterized respiratory molybdoenzymes: the membrane-bound dimethylsulfoxide (DMSO) reductase (DmsABC) and the membrane-bound nitrate reductase A (NarGHI). In the moeB A228T mutant strain, E. coli F36, anaerobic respiratory growth is possible on nitrate but not on DMSO, indicating that cofactor insertion occurs into NarGHI but not into DmsABC. Fluorescence analyses of cofactor availability indicate little detectable cofactor in the moeB A228T mutant compared with the wild-type, suggesting that NarGHI is able to scavenge limiting cofactor, whereas DmsABC is not. MoeB functions to sulfurylate MoaD, and in the structure of the MoeB-MoaD complex, Ala-228 is located in the interface region between the two proteins. This suggests that the moeB A228T mutation disrupts the interaction between MoeB and MoaD. In the case of DmsABC, despite the absence of cofactor, the twin-arginine signal sequence of DmsA is cleaved in the moeB A228T mutant, indicating that maturation of the holoenzyme is not cofactor-insertion dependent.
Introduction
Escherichia coli, when grown anaerobically with nitrate or dimethylsulfoxide (DMSO) as respiratory oxidant, develops a respiratory chain terminated by an oxidant-specific oxidoreductase (Gennis and Stewart 1996; Weiner et al. 1999 ).
These enzymes are nitrate reductase A (NarGHI) Richardson and Watmough 1999) and DMSO reductase (DmsABC) (Weiner et al. 1988 (Weiner et al. , 1992 . Each substrate reduction site contains a molybdo-bis(molybdopterin guanine dinucleotide) (Mo-bisMGD) cofactor located in NarG and DmsA, respectively (Rothery et al. 1995 (Rothery et al. , 1998 . The DmsAB dimer of DmsABC is targeted to the inner surface of the cytoplasmic membrane by the membrane targeting and translocation (Mtt) and twin-arginine translocase (Tat) system (Berks 1996; Rothery and Weiner 1993; Sambasivarao et al. 1990 Sambasivarao et al. , 2001 Santini et al. 1998; Weiner et al. 1998) where it remains anchored by the hydrophobic DmsC membrane anchor ). Based on existing data, DmsABC appears to be an archetype of a subclass of Mtt/Tat-targeted proteins in which the catalytic dimer is anchored to the cytoplasmic side of the membrane rather than being translocated into the periplasm (Rothery and Weiner 1993; Sambasivarao et al. 1990 Sambasivarao et al. , 2001 van de Pas et al. 1999) . Whilst the overall topology of NarGHI is similar to that of DmsABC, its assembly is independent of the Mtt/Tat system .
The gene products involved in Mo-bisMGD biosynthesis are now well characterized, and an emerging biosynthetic pathway is based on a plethora of biochemical and structural data. The pathway up to the formation of molybdopterin (MPT) appears to be similar in all organisms and requires gene products of the moaABCDE and moeAB operons. MoaA and MoaC catalyze the conversion of guanosine triphosphate (GTP) to precursor Z . MPT synthase (MoaDE) adds the dithiolene sulfurs to precursor Z to yield MPT (Rudolph et al. 2001) . MoeB is a MPT synthase sulfurylase and it restores the sulfur (in the form of C-terminal thiocarboxylate) to the MoaD subunit of MPT synthase (Lake et al. 2001; Leimkühler et al. 2001 ). MoeA, encoded by the first ORF of the moeAB operon, has been suggested to have a role in the activation of Mo (Hasona et al. 1998) . Because extracts of Escherichia coli MPT can reconstitute aponitrate reductase obtained from a nit-1 mutant of Neurospora crassa (Amy and Rajagopalan 1979; Johnson et al. 1991) , metal chelation is likely to follow conversion of compound Z to MPT, yielding molybdo-MPT (Mo-MPT) (Temple and Rajagopalan 2000) . The latter appears to be stabilized by a carrier protein complex that may include MogA Schwarz et al. 1997) . MobA-mediated guanine nucleotide attachment appears to follow metal chelation (Johnson et al. 1991; Temple and Rajagopalan 2000) , after which assembly of the cofactor into the various apomolybdoenzymes is possible. It is currently unclear at which point the cofactor is assembled into its dipterin Mo-bisMGD form.
Efficient Mo-bisMGD insertion into both NarGHI and the periplasmic TMAO reductase (TorA) requires the presence of a system-specific chaperone that appears to hold the respective apoenzyme in a cofactor-competent binding conformation Pommier et al. 1998) . In both cases, the gene encoding the chaperone (narJ and torD, respectively) is part of the operon encoding the respective reductase system (the narGHJI and torCAD operons) (Blasco et al. 1992; Méjean et al. 1994) . NarGHI in a narJ mutant assembles to the membrane in an apomolybdo form . In a torD mutant, cofactor-containing TorA accumulates to approximately 40% of the level observed in a wild-type strain, indicating that the absence of chaperone can be bypassed (Pommier et al. 1998) . Apomolybdo-TorA is not translocated to the periplasm via the Mtt/Tat system , and this behavior is identical to that established for the DMSO reductase from Rhodobacter sphaeroides (Yoshida et al. 1991) . In the case of DmsABC, the involvement of a system-specific chaperone in Mo-bisMGD insertion has not been established, and the apomolybdoenzyme assembles normally in undiminished amounts to the cytoplasmic membrane (Cammack and Weiner 1990; Rothery et al. 1995; Rothery and Weiner 1996) . Both DmsABC and NarGHI assemble normally as apomolybdoenzymes when expressed in the presence of tungstate, indicating that lack of cofactor has little effect on the association of the catalytic dimers (DmsAB and NarGH) with the membrane anchors (DmsC and NarI) (Rothery et al. 1995 (Rothery et al. , 1998 .
In this paper, we report the effects on NarGHI and DmsABC assembly of a point mutation in the moeB gene encoding the MPT synthase sulfurylase of the Mo-bisMGD biosynthetic pathway. We show that this mutant, termed F36, has differential effects on E. coli Mo-bisMGD insertion into the two enzymes studied.
Materials and methods

Materials
DNA polymerase (Elongase enzyme mix) and ECL western blotting detection kit were purchased from GIBCO BRL (Burlington, Ont.) and Amersham Pharmacia Biotech (Baie d'Urfé, Que.), respectively. Molecular biology reagents were purchased from Life Technologies Inc. (Burlington, Ont.), and all other reagents were of the highest purity available commercially. Oligonucleotides were obtained from the Department of Biochemistry DNA Core Facility (University of Alberta).
Bacterial strains and plasmids
Wild-type E. coli strain HB101 (supE44 hsdS20 (r B -m B -) recA13 ara-14 proA2 leu lacY1 galK2 rpsL 20 xyl-5 mtl-1) was from our laboratory collection and the mutant strain F36 (HB101, moeB A228T ) was generated in this study and is described below. pGS8 was obtained from a plasmid bank generated by cloning chromosomal DNA partially digested with Sau3A and cloned into BamH1-digested pBR322. This bank was kindly supplied by Dr. P. Miller, Parke-Davis Pharmaceutical Research, Ann Arbor, Mich. The moeB deletion strain AH30 (moeB101-Km R in a BW545 background) and its complementing plasmid pAH6 (moeB + ) were a kind gift from Dr. K.T. Shanmugam, University of Florida, Gainesville, Fla. (Hasona et al. 1998) . Plasmids pDMS160 (Rothery and Weiner 1991) and pVA700 (Guigliarelli et al. 1996) are the expression plasmids for DmsABC and NarGHI, respectively.
Methods
Aerobic overnight bacterial cultures were routinely grown in Luria-Bertani (LB) medium supplemented with appropriate antibiotics (Sambasivarao et al. 2000) . Anaerobic growth profiles of bacteria were carried out in 160-mL screw-capped flasks fitted with a Klett tube sidearm for direct monitoring of the culture density (Sambasivarao and Weiner 1991) . Growth was measured using a Klett-Summerson spectrophotometer equipped with a No. 66 filter. The minimal growth medium, consisting of minimal salts, glycerol as carbon and energy source, various terminal electron acceptors as indicated, required amino acids, antibiotics, and vitamin B 1 , was as previously described (Sambasivarao et al. 2000; Sambasivarao and Weiner 1991) . For the measurement of NarGHI and DmsABC activities, cells were grown for 48 h at 37°C on minimal medium in 1-L flasks filled to the top (Sambasivarao et al. 2000) . Enzyme activities were measured in the membrane and soluble fractions by following the oxidation of reduced benzyl viologen concomitant to the reduction of the corresponding substrates (Sambasivarao et al. 2000) . Membrane and soluble fractions were prepared by French pressure cell lysis and differential centrifugation steps as described previously (Sambasivarao et al. 2000) . Protein estimation was carried out by a modification of the Lowry procedure (Markwell et al. 1978) . Proteins were analyzed on 7.5% denaturing sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE) gels with the Laemmli buffer system (Laemmli 1970) . Following electrophoresis, proteins were transferred to nitrocellulose filters for Western blotting analysis with antiDmsA antibody (Sambasivarao et al. 2000 (Sambasivarao et al. , 2001 .
DmsABC and NarGHI were amplified by using the expression plasmids pDMS160 and pVA700, respectively, in appropriate strains grown anaerobically on glycerol-fumarate minimal medium. Expression of NarGHI was induced by 0.2 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG), whereas DmsABC was expressed under the control of the native dms promoter, which is induced by anaerobiosis.
To determine the relative amounts of cofactor accumulated in the soluble cytoplasmic fractions of HB101 and F36 in the presence of tungstate, cells were grown overnight in a 2-L batch culture at 30°C on Terrific Broth (Sambrook et al. 1989) in the presence of 15 mM sodium tungstate or 15 mM sodium molybdate. Cells were harvested, French pressed, and soluble cytoplasmic fractions obtained by differential centrifugation as described above.
Plasmid manipulations
Molecular biological procedures such as the preparation of DNA, restriction enzyme digestions, gel elution of DNA fragments, and cloning were carried out using established protocols (Sambrook et al. 1989) . Chromosomal DNA was prepared from HB101 and F36 from an overnight culture by a freeze-thaw technique described earlier . DNA sequence analysis was carried out using an Applied Biosystems model 373A at the DNA Core Facility (see above).
Isolation of mutants unable to grow on DMSO
Mutagenesis was carried out by the nitrosoguanidine method as described earlier (Bilous and Weiner 1985; Weiner et al. 1998) . Sixteen mutants were isolated that were unable to grow anaerobically on glycerol-DMSO minimal medium but grew with nitrate or fumarate as the terminal electron acceptor. All of the mutants were complemented with pDMS160, carrying the dms operon, to eliminate any mutations in the dms structural genes. All of the transformants failed to grow on glycerol-DMSO minimal medium and 14 of them also lacked measurable DmsABC activity. One of the inactive mutants, F36, was chosen for further study.
Quantitation of the molybdenum cofactor
In cytoplasmic membrane preparations, relative amounts of MPT were determined using the Form A fluorescence assay consisting of acid denaturation followed by oxidation by I 2 in the presence of KI as described earlier (Rothery et al. 1995 (Rothery et al. , 1998 . Cofactor from the soluble cytoplasmic fractions was assayed by the Form B fluorescence assay (Johnson et al. 1984; Johnson and Rajagopalan 1982) . Fluorescence spectra were recorded using a Perkin-Elmer LS50B luminescence spectrophotometer.
Complementation of the mutation in F36
Competent F36 cells were transformed with a chromosomal plasmid library (see above). The transformation mix was spread on LB agar plates containing 100 µg ampicillin·mL -1 and incubated overnight at 37°C. The ampicillin-resistant colonies were washed off the plates into 5 mL of LB medium. An aliquot (20 µL) of this suspension was used to inoculate 10 mL of Minimal A medium containing 100 µg ampicillin·mL -1 and vitamin B 1 , proline, and leucine at 10 µg·mL -1 each. After aerobic growth for 16 h at 37°C, the cells were washed with phosphate-buffered saline (PBS) and were serially diluted in PBS. The diluted samples were plated on glycerol-DMSO minimal plates containing 100 µg ampicillin·mL -1 and incubated in an anaerobic chamber at 37°C for 72 h. The ampicillin-resistant colonies were further tested in a liquid medium containing glycerol-DMSO to confirm the phenotype of F36 following complementation.
Polymerase chain reaction (PCR) amplification of the moeB gene
The oligonucleotide pair DS-42 (TTTATCGTGCTGGAACGC) and DS-44 (CCTCATAAATTGCTGATG) was used to amplify the moeB gene sequence in a standard PCR using chromosomal DNA from HB101 and F36 in independent experiments (Sambasivarao et al. 2000 (Sambasivarao et al. , 2001 . The PCRgenerated moeB gene (750 bp) was flanked by 89 and 60 bp at the 5′ and 3′ ends, respectively. The gel-purified PCR DNA was sequenced using the above primer pairs. Three independent chromosomal DNA preparations from the control (HB101) and the mutant (F36) strains were used for the PCR amplification of the moeB gene and subsequent sequencing.
Results
Isolation and characterization of a mutant defective in anaerobic respiration on DMSO
Mutants defective in the anaerobic respiratory chain terminating in DmsABC were isolated by nitrosoguanidine mutagenesis. One of these mutants, termed F36, was selected for detailed characterization. Transformation of F36 with the dms operon on a plasmid did not complement the mutation, indicating that the defect in F36 is not within the structural genes for DmsABC. Anaerobic growth was examined using DMSO and nitrate as terminal electron acceptors in a glycerol minimal medium (Fig. 1) . Examination of growth on glycerol-fumarate minimal medium was used as a control, as the terminal reductase supporting respiratory growth on fumarate (fumarate reductase (FrdABCD)) is not a molybdoenzyme (Cole et al. 1985) . F36 grew normally on fumarate had slightly impaired growth on nitrate, and did not grow on DMSO.
To corroborate the results of the growth experiments, benzyl viologen -DMSO and benzyl viologen -nitrate oxidoreductase activities were determined for soluble and membrane fractions from both HB101 and F36 that had been grown on glycerol-fumarate minimal medium (Table 1) . Chromosomalderived expression and plasmid (pDMS160) derived expression of DmsABC both result in negligible enzyme activity in F36 compared with that observed in HB101. In the case of NarGHI, the F36 mutation has little effect on chromosomally expressed benzyl viologen -nitrate activity and a significant effect on the plasmid (pVA700) amplified activity.
Mapping of the mutation in F36
We identified a clone (pGS8) from an E. coli plasmid library that complements the defect in F36. pGS8 restores DMSO growth to F36 (Fig. 2) and also restores benzyl viologen -DMSO oxidoreductase activity to the membrane fraction of F36 and pGS8 (Table 1) . Restriction digestion analysis and determination of the nucleotide sequence of pGS8 indicated that it arises from the 18.6-min. region of the E. coli chromosome (Nohno et al. 1988 ). pGS8 has a 6.4-kb insert that includes both moeA and moeB. Further subcloning experiments indicated that the mutation in F36 lies within the moeB gene. To confirm this, we complemented the mutation using a well-characterized moeB expression plasmid (Hasona et al. 1998 ), pAH6 (Fig. 2) . The plasmid pAH6 restores the growth of F36 on glycerol-DMSO minimal medium, confirming that the defect in F36 is in the moeB gene. In a reciprocal experiment, we transformed the moeB deletion strain AH30 with pGS8. The mutation in AH30 is complemented by pGS8 as determined by growth on glycerol-DMSO minimal medium (data not shown).
To determine the precise mutation within the moeB gene, we PCR amplified the gene from HB101 and F36. The amplified moeB DNA was sequenced three times from both ends, and we found that F36 had a single point mutation in the 3′ end of the gene. This corresponds to a change in nucleotide position 682 from a G to an A (GCG in HB101 to ACG in F36) changing Ala-228 to a threonine in the MoeB protein.
Cofactor biosynthesis is impaired in F36
To determine the effect of the moeB A228T mutation on the amount of available cofactor, we amplified cofactor accumulation by growing cells in the presence of high concentrations of tungstate. It has previously been demonstrated that this treatment elevates the concentration of MPT within the cytoplasm of wild-type cells (Amy and Rajagopalan 1979) . Figure 3 shows fluorescence spectra of Form B extracts of cytoplasmic fractions from HB101 and F36 grown in the presence of 15 mM tungstate or 15 mM molybdate. Figure 3 (curve i) shows excitation (left) and emission (right) of a cytoplasmic extract from HB101 grown in the presence of tungstate, and Fig. 3 (curve ii) shows spectra from cells grown in the presence of molybdate. The difference spectrum (Fig. 3, curve iii) has peaks at 300 and 405 nm in the excitation spectrum and at 480 nm in the emission spectrum. These spectral features are very similar to those reported for the Form B MPT derivative (Johnson et al. 1991; Rothery et al. 1998) , indicating that cofactor accumulates to amplified levels in the cytoplasm of HB101 grown in the presence of tungstate. In the case of F36, the difference fluorescence spectrum (Fig. 3, curve vi) does not have features corresponding to those of the Form B MPT derivative, indicating that MPT and subsequent Mo-bisMGD biosynthesis are not detectable in F36 using this technique. These results are consistent with the growth and activity data presented above and suggest that the moeB A228T mutation almost completely blocks MoaD sulfurylation and subsequent MPT synthesis.
The effect of plasmid overexpression of NarGHI on the specific benzyl viologen -nitrate oxidoreductase activities of HB101 and F36 membranes supports the assertion that MPT biosynthesis is impaired but not eliminated in the mutant. In F36, the membranes have a specific benzyl viologen - nitrate oxidoreductase activity arising from chromosomally encoded NarGHI that is similar to that of HB101. A large amplification of this activity is observed when plasmidencoded NarGHI is expressed by IPTG induction in HB101. However, in the case of F36, the observed amplification is only approximately 35% that observed in HB101, suggesting that this is due to the inability of the overexpressed enzyme to scavenge cofactor from a depleted cytoplasmic pool.
Relative quantification of Mo-bisMGD from DmsABC and NarGHI by fluorescence spectroscopy
Electron paramagnetic resonance (EPR) studies have clearly established the absence of Mo from the normal levels of DmsABC assembled into the cytoplasmic membrane of F36 (Cammack and Weiner 1990; Rothery and Weiner 1996; Trieber et al. 1996) . That normal levels of DmsA are produced in F36 is also indicated by Western blots with an antiDmsA antibody (Fig. 4) . The lack of EPR-detectable Mo is likely to be due to the absence of the entire cofactor (Rothery et al. 1995) . It has also been demonstrated that apomolybdo-NarGHI assembles to normal levels in the cytoplasmic membrane and that the absence of EPR-detectable Mo correlates with the absence of the organic component of Mo-bisMGD in, for example, a mobA mutant (Rothery et al. 1998) . To determine the effect of the F36 mutation on the relative amounts of Mo-bisMGD in DmsABC and NarGHI, we studied Form A extracts from HB101 and F36 membranes containing the overexpressed enzymes.
The fluorescence spectra of Form A extracts of HB101 membranes containing overexpressed DmsABC and NarGHI are essentially identical to those previously reported for the Form A derivative of MPT (Fig. 5A, curves i and ii; Fig. 5B , curves i and ii) (Johnson et al. 1991; Rothery et al. 1995 Rothery et al. , 1998 . It is clear that, compared with the wild-type, almost no fluorescence attributable to the Form A derivative of MPT is detectable in extracts of F36 membranes containing overexpressed DmsABC (Fig. 5, curves iii and iv) . In the case of NarGHI, membranes from F36 have approximately 30% of the fluorescence of membranes from HB101 (Fig. 5,  curves iii and iv) . This result is consistent with the enzyme activity data of Table 1 and demonstrates that NarGHI is much more effective than DmsABC at scavenging the limited pool of Mo-bisMGD in F36.
DmsABC is correctly processed by the Mtt/Tat system in the absence of cofactor
Periplasmic enzymes such as E. coli TorA and Rhodobacter DMSO reductase are not correctly targeted/ translocated as apomolybdoenzymes (Buc et al. 1999; Yoshida et al. 1991) . We have previously shown that the processing of the DmsA twin-arginine leader is correlated with the correct targeting and assembly of DmsABC to the cytoplasmic membrane (Sambasivarao et al. 2000) . In mtt deletion strains, DmsABC is not targeted to the membrane and the precursor form of the DmsA accumulates in the cytoplasm (Sambasivarao et al. 2001) . We have evaluated the targeting and processing of DmsA in F36 (Fig. 4) b pGS8 complementing the mutation in F36 is described in the Methods and in the text. c Cells were grown anaerobically on glycerol-fumarate minimal medium and in the presence of 0.2 mM IPTG for 48 h at 37°C. Table 1 . Effect of the F36 mutation on the specific activities of DmsABC and NarGHI. Fig. 2 . Complementation of the mutation in F36 with plasmids bearing the moeB gene. Plasmid complementation of F36 in vivo by pGS8 and pAH6 was studied using glycerol-DMSO minimal medium. The growth profiles measured in Klett units for F36 (circles), F36/pGS8 (triangles), and F36/pAH6 (squares) were plotted versus time as in Fig. 1. lysates from HB101 and F36 strains (containing amplified DmsABC) were analyzed by Western blotting with antiDmsA antibodies. The mobility of the DmsA subunit in the control and mutant cell lysates is comparable with the purified mature form of the reductase. The membrane and supernatant fractions from the above strains were also analyzed by Western blotting to assess the localization of DmsAB subunits. Both the anti-DmsA and the anti-DmsB antibodies react with the DmsAB subunits predominantly in the membrane fraction (data not shown). These results indicate that the Mtt/Tat-dependent processing of DmsABC is not impaired as a result of a mutation in the moeB gene and the resultant limited pool of Mo-bisMGD.
Discussion
We have demonstrated herein the effects of a moeB A228T mutation on the maturation of both DmsABC and NarGHI. An intriguing property of the reported mutant is its limited pleiotrophy with respect to the two molybdoenzymes studied. DmsABC seems to be completely inactive in the moeB A228T mutant, whereas NarGHI appears to be able to scavenge a sufficient amount of the limited Mo-bisMGD pool to be able to support respiratory growth on nitrate and detectable enzyme activity.
DmsABC and NarGHI have very similar overall topologies. Both have membrane-extrinsic catalytic dimers (DmsAB and NarGH) that are anchored to the inner surface of the cytoplasmic membrane by hydrophobic membrane anchor proteins that also provide sites for quinol binding and oxidation Rothery et al. 2001; Rothery and Weiner 1993; Sambasivarao et al. 2001) . However, there are two fundamental differences between these enzyme in the context of the work presented herein.
(i) A system-specific chaperone has been identified for NarGHI (NarJ) that is encoded by an open reading frame within the narGHJI operon . NarJ is synthesized in substoichiometric amounts compared with the subunits of the enzyme and is believed to hold the NarGH dimer in a cofactor-binding competent conformation prior to final enzyme maturation. It is possible that NarJ may play a significant role in the ability of NarGHI to effectively scav- Form B extracts were prepared as described in Materials and methods. Curve i, excitation (left) and emission (right) spectra of Form B extracts of HB101 grown in the presence of 15 mM tungstate; curve ii, excitation and emission spectra of Form B extracts of cells grown in the presence of 15 mM molybdate; curve iii, difference spectra curve i minus curve ii demonstrating amplified levels of the Form B MPT derivative in the cytoplasm of wild-type cells in the presence of high concentrations of tungstate; curves iv, v, and vi, likewise but with F36 cells, indicating lack of tungstate-induced amplification of the Form B derivative in the extract from the moeB A228T mutant. Excitation spectra were recorded between 220 and 460 nm with an emission wavelength of 480 nm. Emission spectra were recorded between 430 and 550 nm with an excitation wavelength of 405 nm. Tweny milligrams of soluble cytoplasmic protein was used as starting material to prepare the Form B extracts. Spectra were offset on the y-axis for clarity. Fig. 4 . Western blot analysis of the DmsA subunit in whole-cell lysates. Cells were grown anaerobically in glycerol-fumarate minimal media for 48 h. The whole-cell lysates were prepared as described earlier (Sambasivarao et al. 2000) and 40 µg of the total protein was separated on a 7.5% SDS-PAGE gel. The proteins were transferred to a nitrocellulose filter and blotted with anti-DmsA antibody (arrow). The mobility of the DmsA subunit in HB101/pDMS160 and F36/pDMS160 was compared with mature purified DmsABC from HB101 (Std).
enge the limited amount of Mo-bisMGD in the moeB A228T mutant. No NarJ-like chaperone has been demonstrated to be involved in Mo-bisMGD insertion into DmsAB, and there are no reading frames within the dmsABC operon of currently unknown function.
(ii) The catalytic subunit of DmsABC (DmsA) but not that of NarGHI (NarG) has a twin-arginine leader sequence at its N terminus that is required for correct targeting of the DmsAB dimer to the membrane (Berks 1996; Sambasivarao et al. 2000; Weiner et al. 1998) . It has recently been demonstrated that this leader sequence interacts with a leaderbinding protein (DmsD) that plays a role in targeting DmsAB to the Mtt/Tat system (Oresnik et al. 2001) . It is notable that two other enzymes having a twin-arginine signal sequence evade Mtt/Tat-dependent targeting in their apomolybdoenzyme forms and that these enzymes are demonstrably periplasmic. These are the Rhodobacter DMSO reductase and the E. coli TMAO reductase (Buc et al. 1999; Yoshida et al. 1991) . It has also been observed that the Zymomonas mobilis glucose-fructose oxidoreductase expressed in E. coli is only targeted to the periplasm when its four tightly bound NADP cofactors are present (Blaudeck et al. 2001) . Thus, the ability of an apomolybdoenzyme to be correctly targeted by the Mtt/Tat machinery may be an additional indicator of its final location within the cell: incorrect processing would reflect a periplasmic location, whereas correct processing would reflect a cytoplasmic location.
Ala-228 of MoeB is distant from conserved residues within the sequence which may define the functionality and structure of the protein. Point mutations in the conserved regions of the moeB gene from Aspergillus nidulans abolish MPT synthase sulfurylase activity (Appleyard et al. 1998) . Likewise, mutants have been generated in the E. coli protein that abolish activity (Lake et al. 2001) . Rather than having an impact on the catalytic function of the protein, it is possible that the MoeB A228T disrupts the interaction between MoeB and MoaD. The recently reported crystal structure of a MoeB-MoaD complex reveals that this interaction is in part defined by a hydrogen bond between Asp-227 of MoeB and Arg-11 of MoaD (Lake et al. 2001) . Given that Ala-228 is adjacent to Asp-227, an attractive hypothesis is that the threonine hydroxyl group disrupts hydrogen bond formation such that the catalytic complex is destabilized, thus explaining the diminished cofactor biosynthesis in the moeB A228T mutant.
Overall, the effects of the moeB A228T mutation on DmsABC and NarGHI maturation indicate that during maturation, these two important molybdoenzymes have significantly different affinities for the Mo-bisMGD pool. We suggest that one obvious explanation for this is the role of the NarJ chaperone in NarGHI maturation and the apparent lack of a role for a similar protein in DmsABC maturation. Furthermore, we have demonstrated that complete processing of the twin-arginine leader of DmsA is not dependent on cofactor insertion. These results represent a significant step in understanding the final stages of molybdoenzyme maturation in E. coli.
Fig. 5. Effect of the moeB
A228T mutation on Mo-bisMGD assembly into DmsABC and NarGHI. Form A extracts were prepared from membranes enriched in (A) DmsABC or (B) NarGHI from HB101 and F36 cells transformed with appropriate plasmids as described in Materials and methods. Twenty milligrams of membrane protein was used as starting material to prepare the Form A extracts. Curves i and ii, excitation and emission spectra of HB101 membranes containing overexpressed DmsABC (Fig. 5A) or NarGHI (Fig. 5B) ; curves iii and iv, spectra of membrane extracts derived from F36 containing overexpressed DmsABC (Fig. 5A) or NarGHI (Fig. 5B) . Excitation spectra of were recorded between 260 and 440 nm with an emission wavelength of 442nm, and emission spectra were recorded between 410 and 540 nm with an excitation wavelength of 395 nm.
